The DNA is cells is continuously exposed to reactive oxygen species resulting in toxic and mutagenic DNA damage. Although the repair of oxidative DNA damage occurs primarily through the base excision repair (BER) pathway, the nucleotide excision repair (NER) pathway processes some of the same lesions. In addition, damage tolerance mechanisms, such as recombination and translesion synthesis, enable cells to tolerate oxidative DNA damage, especially when BER and NER capacities are exceeded. Thus, disruption of BER alone or disruption of BER and NER in Saccharomyces cerevisiae leads to increased mutations as well as large-scale genomic rearrangements. Previous studies demonstrated that a particular region of chromosome II is susceptible to chronic oxidative stress-induced chromosomal rearrangements, suggesting the existence of DNA damage and/or DNA repair hotspots. Here we investigated the relationship between oxidative damage and genomic instability utilizing chromatin immunoprecipitation combined with DNA microarray technology to profile DNA repair sites along yeast chromosomes under different oxidative stress conditions. We targeted the major yeast AP endonuclease Apn1 as a representative BER protein. Our results indicate that Apn1 target sequences are enriched for cytosine and guanine nucleotides. We predict that BER protects these sites in the genome because guanines and cytosines are thought to be especially susceptible to oxidative attack, thereby preventing large-scale genome destabilization from chronic accumulation of DNA damage. Information from our studies should provide insight into how regional deployment of oxidative Corresponding author: Paul W. Doetsch, medpwd@emory.edu, Emory University,
INTRODUCTION
Reactive oxygen species (ROS) are highly reactive molecules and an inevitable byproduct of aerobic metabolism. ROS are also important for a variety of cellular processes, including cell signaling and protection against invading pathogens (Ježek and Hlavatá, 2005; Moncada, 1999; Guengerich, 2006; Segal and Shatwell, 1997; Orient, et al., 2007; Bedard and Krause, 2007) . Dysregulation of cellular ROS levels (Jones, 2006) or exposure to environmental agents that induce increases in intracellular ROS levels, can cause oxidative stress, resulting in damage to different cellular components. ROS-induced damage to cellular DNA is one of the most frequently occurring types of endogenous DNA damage, producing base modifications and strand breaks within the genome (Wang, 2008; Bjelland and Seeberg, 2003; Henner, et al., 1983a; Henner, et al., 1983b) at an estimated rate of 90,000 lesions per mammalian cell each day (Fraga, et al., 1990) . Genomic instability is an important hallmark of cancer (Luo, et al., 2009; Hanahan and Weinberg, 2011) and results from the accumulation of genetic alterations from point mutations and small insertion/deletions to gross chromosomal aberrations. Although many studies have shown that exposure to ROS causes large scale genome destabilization, the molecular details of how base damage is related to the acquisition of chromosome level instability have not yet been elucidated.
The base excision repair (BER) pathway is responsible for repairing various types of nonbulky DNA damage (Robertson, et al., 2009) . BER typically proceeds through the recognition of DNA damage by a lesion-specific glycosylase that removes the damaged base, leaving an apurinic/apyrimidinic (AP) site. Repair continues with recognition and cleavage of AP sites by an AP endonuclease. This is followed by end processing, repair DNA synthesis, and ligation of the DNA backbone, restoring the undamaged state. The nucleotide excision repair (NER) pathway is primarily responsible for the repair of bulky, helix-distorting lesions, and can function as a backup pathway when BER is defective, demonstrating the importance of having multiple, overlapping mechanisms in place to protect against spontaneously and exogenously-induced DNA damage.
Previous genetic studies in BER/NER-defective Saccharomyces cerevisiae strains, revealed that the accumulation of spontaneous oxidative DNA damage leads to a profound increase in the frequencies of spontaneous mutations and gross chromosomal rearrangements. This genomic instability results from the handling of DNA damage by tolerance mechanisms (Degtyareva, et al., 2008) , including recombination and translesion synthesis, respectively, which promote cell survival but may not repair damage per se. Further, the genomic instability in such repair-deficient strains is characterized by the emergence of chromosome rearrangement hotspots, suggesting that certain regions are more susceptible to destabilization. We hypothesized that underlying genomic features at DNA repair sites, such as base composition, directly influence the location and frequency of oxidative damageinduced destabilization. Identification of such features would provide important insights into understanding why certain regions are particularly susceptible to damage-induced instability under oxidative stress.
A detailed understanding of the genomic context of repair can be gained by assessing DNA repair at the chromosomal level. Chromatin immunoprecipitation (ChIP) assays combined with genome-wide analyses have provided a wealth of information regarding the protein-DNA interactions of DNA binding proteins, such as transcription factors (Kuras and Struhl, 1999; Li, et al., 1999) and histones (Solomon, et al., 1988) . However, no studies to date have characterized the genomic occupancy of base excision repair enzymes using such high resolution methods, presumably due to the transient and dynamic manner in which repair enzymes interact with the DNA.
In the present study, we sought to determine if the underlying base content influences localization of DNA repair pathway components and how the location of DNA repair machinery (and hence, where repair is preferentially targeted) influences genome destabilization. We used the model eukaryote S. cerevisiae and used the major yeast AP endonuclease Apn1, as a representative DNA repair protein for the analysis of the genomewide localization of the BER machinery. The repair of base damage processed by BER, including hydrolysis, oxidation, alkylation and deamination in DNA, proceeds through an AP site repair intermediate. Thus, AP endonucleases are a convergence point and play a central role in the repair of DNA damage through the BER pathway. We performed chromatin immunoprecipitation combined with DNA microarray analysis (ChIP-chip) to generate genome-wide maps of Apn1 binding in response to different levels of oxidative stress and assessed the underlying genomic landscape of these regions. Our ultimate goals were to determine which genomic features are predictive of oxidative damage-induced destabilization.
METHODS

Yeast Strains and Culture Conditions
Standard yeast cell culture conditions utilizing either YPD (yeast extract, peptone, dextrose) or YPG (yeast extract, peptone, 2% galactose) culture medium as described previously (Griffiths, et al., 2009 ). Yeast cell transformation was performed using the lithium acetate method, as described previously (Schiestl and Gietz, 1989) .
Strain Construction
Parental strain DSC0320 (MATa [lys2::Alu-DIR-LEU2-lys2D5'] ade5-1 his7-2 leu2-3 112 trp1-289 ura3-52 APN1) was isolated as a haploid spore of the diploid strain hDNP16 (Degtyareva, et al., 2008) . Strain DSC0436 (MATa [lys2::Alu-DIR-LEU2-lys2D5'] ade5-1 his7-2 leu2-3 112 trp1-289 ura3-52 TRP1 GAL1-TAP-APN1), which contains a construct with the GAL1 promoter and the tandem affinity purification (TAP)-tag integrated directly upstream of the chromosomal APN1 coding sequence (P GAL1 -TAP-APN1), was constructed as follows: a P GAL1 -TAP-APN1 fragment was PCR amplified with primers APN1TAPf: AAACACAAAACGCAACATTAATAAGCTTTTGG CATATCGGAACCATCGTAGAACAAAAGCTGGAGCTCAT and APN1TAPr: AATTT GTATTTCGAGACAGCAGATCTAACAAAGCTAGGTGTCGAAGGCATCTTATCGTCAT CATCAAGTG) using plasmid pBS1761 (Puig, et al., 2001 ) as a template. Strain DSC0320 was transformed with the resulting PCR fragment. Correct integration of the P GAL1 -TAP construct at the APN1 locus was confirmed by PCR with primers APN1chkTAPf:
TCTGGGAACTTGAACGTGGA ATT and TRP1TAPchk: CGTGGTACAGTTGAAGGACATCATC.
Analysis of Mutation Rates
Standard mutant accumulation assays were performed to determine mutation rates, as described previously (Drake, 1991; Meisel, 1971; Wierdl, et al., 1996) . Briefly, eight independent colonies of both wild type APN1 strain DSC320 and pGAL1-TAP-APN1 strain DSC436 were grown overnight in YPG liquid media to induce overexpression of APN1 in cells of strain DSC436. Cells were harvested via centrifugation, washed twice with sterile H 2 O, and re-suspended in water. Dilutions of cells were plated onto SD medium lacking arginine and containing 60 mg/L L-canavanine (Sigma) to determine the number of canavanine-resistant (can r ) cells. Appropriate dilutions were also plated onto YPD medium to determine numbers of viable cells. Colonies were counted after two to four days of growth at 30°C to determine the can r mutation rates as previously described. Each experiment was repeated at least 3 times for a total of at least 24 independent cultures per strain.
Analysis of H 2 O 2 Cytotoxicity
Yeast cell cultures were prepared by inoculating YPG media with cells of strain DSC0436, incubating at 30°C to OD 600 = ~0.8, and then splitting into three aliquots. Cultures were harvested, and cells were washed twice in sterile water and resuspended in either sterile water for mock treatment or 0.5 mM hydrogen peroxide (H 2 O 2 ) solution. Samples were incubated for 90 minutes at 30°C. Cells were harvested, washed twice with sterile water and resuspended in sterile water. Appropriate dilutions of cells were plated onto YPD in duplicate, and numbers of viable colonies were assessed after two days of incubation at 30°C. Percent survival was calculated based on the number of colonies that grew from cultures exposed to H 2 O 2 compared to the number from mock-treated cultures. Results are the average of at least 4-6 independent experiments.
Analysis of Mutation Frequency Following H 2 O 2 Exposure
To determine the mutation frequency following exposure to H 2 O 2 , we performed fluctuation tests. Six independent colonies of the wild type APN1 strain were grown non-selectively overnight in YPG liquid media and processed as described in "Analysis of mutation rates." After washing and resuspending, cells were exposed to 0.5 mM H 2 O 2 as described in "Analysis of H 2 O 2 Cytotoxicity." Appropriate dilutions of cells were plated onto canavanine-containing medium and YPD medium to determine the number of can r cells and viable cell numbers, respectively. After two to four days of growth at 30°C, colonies were counted and the number of can r mutant colonies was compared to the viable cell numbers to Morris et al. Page 4 Yeast. Author manuscript; available in PMC 2018 November 01.
Author Manuscript
Author Manuscript
Author Manuscript determine mutation frequency. The median mutation frequency of at least 20 independent cultures were reported. P-values were calculated for confidence limits as previously described (Dixon and Massey, 1969) . A p-value greater than 0.05 was considered statistically significant.
Chromatin Immunoprecipitation
Chromatin immunoprecipitation experiments were carried out in unsynchronized S. cerevisiae cultures as previously described (Luthra, et al., 2007) with the following modifications. For each replicate, a culture of YPD media inoculated with cells from strain DSC0436 was grown to OD 600 ~0.8, and then split into two equivalent volume aliquots. One culture was exposed to 0.5 mM H 2 O 2 , and the other was subjected to a mock (sterile H 2 O) exposure condition, as described above. Following glycine quenching, cells were washed with sterile water. Harvested cell pellets were stored at −80°C until used. For immunoprecipitation, pellets were sonicated in FA lysis buffer (50 mM Hepes-KOH, pH 7.5; 300 mM NaCl; 1 mM EDTA; 1% Triton-X; 0.1% Sodium deoxycholate) and the soluble fraction was incubated overnight with anti-TAP antibody (Thermo). The chromatin-antibody mixture was incubated with protein A agarose beads (Invitrogen) for two hours at room temperature. The beads were then washed and antigens eluted in elution buffer (1% SDS, 0.1 M NaHCO 3 ). Cross-link reversal was performed in the absence of proteinase K. Three independent experiments were performed for each experimental condition. One sample from the 0.5 mM condition was used for assay optimization. Thus, there were three biological replicates for the 0 mM (basal oxidative stress) condition and two replicates for the 0.5 mM dose (mild oxidative stress) condition.
ChIP-chip procedure
ChIP DNA was labeled and hybridized to the Affymetrix S. cerevisiae Tiling Array 1.0 consisting of 3.2 million 25-mer oligo probes with an overlap of approximately 20 base pairs on adjacent probes tiled through the entire S. cerevisiae genome (Gresham, et al., 2006) .
Labeling and hybridization were done according to the Affymetrix Chromatin Immunoprecipitation Assay Protocol (Affymetrix Chromatin Immunoprecipitation Assay Protocol, 2017) with the following modifications. For the PCR amplification of immunoprecipitated DNA, the DNA was first amplified using the GenomePlex Single Cell Whole Genome Amplification Kit (Sigma-Aldrich). The amplified DNA was then purified using the GenElute PCR Clean-Up Kit (Sigma-Aldrich). Next, the purified DNA was amplified again using the GenomePlex WGA Reamplification Kit (Sigma-Aldrich), and then purified as just described. The tiling array was then scanned according to the Affymetrix ChIP Assay Protocol.
ChIP-chip Data Analysis
The raw ChIP-chip probe intensity values from the resulting CEL files (available in the Gene Expression Omnibus data repository), for each experimental condition, were normalized using the Loess normalization procedure implemented in the R Starr ChIP-chip analysis package (Zacher, et al., 2010) . Ratios of normalized probe intensities for Apn1 immunoprecipitated chromatin versus input chromatin were then calculated using Starr.
These ratios were used to measure Apn1 occupancy along the chromosomes. Chromosomal locations of the probes were taken from the Affymetrix probe annotations for the yeast 2003 genome build (Liu, et al., 2003) .
For each of the experimental conditions, enriched regions, or "peaks," of Apn1 binding were called using the R Cmarrt software package (Kuan, et al., 2008) with the normalized ratios generated via the Starr package as inputs. Analysis was initiated with three replicates for each experimental condition. One replicate from the oxidative stress condition was used for trouble shooting prior to subjecting the DNA to microarray analysis. Of the remaining replicates, those that produced peaks include two from the basal oxidative stress condition and one from the mild oxidative stress condition. Thus, data from a total of three replicates from the two experimental conditions was analyzed further.
The average GC-content (the fraction of a sequence made of G and C residues) was determined for the Apn1 ChIP-chip peaks for each of the three experimental conditions. These averages were compared against a genomic background distribution of average GCcontent generated via simulation analysis using the overlap between 10,000 sets of random genomic loci of the same size as the Apn1 peaks. Standard errors were determined on the expected average GC-content values computed over the 10,000 simulated peaks and used to compute the significance of the difference between the observed and expected GC-content values (see Table 2 ). For the genome-wide GC-content analysis results shown in Supplementary Fig. 1 , sliding windows of 10kb were used, with a step size of 5kb, to define the GC-content. For the Apn1 binding site peak GC-content enrichment analysis shown in Fig. 3 , sliding windows of 100bp were used, with a step size of 50bp in order to define GCcontent. GC-content values were evaluated for observed Apn1 binding site peaks and their flanking regions along with a randomly simulated set of 10,000 genomic sites used to calculate the expected GC-content values at and around Apn1 binding site peaks. Microarray data and processed data files are available at https://submit.ncbi.nlm.nih.gov/geo/ submission.
RESULTS
Assessment of H 2 O 2 -induced Cell Killing
We set out to characterize the distribution of Apn1 binding sites along the yeast chromosomes under normal and mild oxidative stress conditions. Although Apn1 is present at a higher steady-state concentration than the other yeast BER proteins, at there are only ~7,000 copies of Apn1 per cell (Johnson and Demple, 1988; Ghaemmaghami, et al., 2003) .
Thus, we reasoned that overexpression of Apn1 from the endogenous locus (using the galactose-inducible GAL1 promoter) would increase the likelihood of identifying Apn1 genomic target sites. Because no prior knowledge about the genomic localization of Apn1 exists, we added a Tandem Affinity Purification (TAP) tag, which allowed us to use a wellestablished chromatin immunoprecipitation (ChIP) protocol for the identification of TAPtagged yeast DNA binding protein target sites (Luthra, et al., 2007) . Overexpression of the yeast BER protein Mag1 has been shown to be mutagenic (Glassner, et al., 1998; Hanna, et al., 2004) . To ensure this was not the case for Apn1, which could indicate abnormalities in BER caused by DNA binding beyond the normal Apn1 distribution, we determined 
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Author Manuscript spontaneous mutation rates as a measure of the level of DNA damage (Swanson, et al., 1999) and found that the mutation rates for the strain expressing Apn1 at endogenous levels and the strain with Apn1 overexpression were not significantly different (Table 1) .
To assess the relationship between oxidative stress level and localization of BER machinery in the genome, we used an acute treatment with hydrogen peroxide (H 2 O 2 ) to induce oxidative DNA damage. Following exposure to 0.5 mM H 2 O 2 for 90 minutes, 80% survival resulted compared to the mock treatment condition. As a biologically relevant endpoint for the level of induced DNA damage in yeast cells, we measured the mutation frequency following exposure to H 2 O 2 in wild type cells without the GAL1p-TAP construct. H 2 O 2 treatment induced a mutation frequency of 8.6 x 10 −7 compared to 0.38 x 10 −7 for no treatment, an approximately 22-fold increase. Based on these levels of cell killing and mutation frequencies, we regarded exposure to 0.5 mM H 2 O 2 for 90 minutes as mild stress and the mock exposure as the normal, basal oxidative stress condition.
Identification of Apn1 Binding Sites Across the Yeast Genome
For microarray analysis of the enrichment of genomic DNA in the ChIP DNA samples, we utilized the Affymetrix S. cerevisiae Tiling Array 1.0 (Materials and Methods). We identified peaks of Apn1 binding using the R Cmarrt algorithm based on normalized probe intensity ratios produced by the R Starr software package. We performed each ChIP experiment in triplicate, but we used one sample from the mild oxidative stress experimental condition for microarray quality control and optimization and thus it was not hybridized to the DNA chip. Two replicates from the basal level of oxidative stress conditions and a single replicate from the mild stress condition produced peaks. Without exposure to exogenous ROS, we identified 916 total Apn1 peaks across all chromosomes (Fig. 1A, Fig. S1 ).
Following mild oxidative stress we identified 211 peaks across all chromosomes (Fig. 1A,  Fig. S1 ).
The average heights and widths of the peaks are the same between the two replicates for the basal oxidative stress condition (Fig. 1B, 1C) , demonstrating the technical reproducibility of the data. In addition, the average heights (level of Apn1 occupancy) and widths (length of DNA that makes up an Apn1 binding sites) of the peaks are the same among all of the replicates for both experimental conditions, indicating that Apn1 may bind the DNA with similar density regardless of oxidative stress level and independently of the amount of DNA damage present (Fig. 1B) . The average peak heights are significantly higher in the 0 mM basal oxidative stress condition compared to the 0.5 mM condition (p≈0).
We predicted that the acute oxidative stress induced in our studies might produce peaks in a region on chromosome II that we previously showed is subject to chronic stress-induced destabilization (Degtyareva, et al., 2008) . However, neither experimental condition produced peaks that were enriched in the chromosome II region (Fig. 2, Table S1 ).
Apn1 Preferentially Targets GC-rich Sequences
To determine whether the underlying DNA sequence influences the locations of Apn1 binding sites, we assessed the base-content within Apn1 binding sites (Materials and Methods). For both the basal oxidative stress and the mild oxidative stress condition, the GC-fraction of the Apn1 binding site peaks was found to be significantly higher than the genomic background GC-fraction (Table 2) . The genomic background GC-content and the p-values in Table 2 were computed using 10,000 randomly simulated sets of genomic loci of the same size as the Apn1 peaks as described in Materials and Methods.
In addition, evaluation of GC-content levels in the genomic regions surrounding Apn1 binding sites shows clear peaks of GC-content that are coincident with the Apn1 binding site locations and higher than seen for the local genomic background (Fig. 3) . GC-content values at observed Apn1 binding sites can also be seen to be higher than expected based on comparison with randomly simulated binding site locations (Fig. 3) . These results suggests that BER preferentially targets GC-rich DNA. This finding is supported by the fact that Gs and Cs are thought to be more susceptible to spontaneous damage and exogenous oxidative damage than the other bases Kreutzer and Essigmann, 1998; Schaaper and Dunn, 1991; Friedberg, et al., 2006) . Not all GC-rich regions overlap with Apn1 binding sites (Fig. S1 ), which suggests that BER may preferentially target particular subsets of GC-rich DNA.
DISCUSSION
To our knowledge, the present study is the first effort toward high-resolution mapping of the genomic binding sites of a base excision repair protein utilizing the chromatin immunoprecipitation approach. We have identified the binding sites of Apn1 across the genome for different oxidative stress conditions and have assessed the underlying base content, the patterns of which may influence the genomic localization of BER enzymes.
We found that, regardless of the oxidative stress level, GC-content was significantly enriched within peaks of Apn1 binding. Of the four major bases in DNA, guanine is the most common target of methylation as well as hydrolytic and oxidative base damage (Bolin and Cardozo-Pelaez, 2007; Lindahl and Nyberg, 1972; Lindahl and Barnes, 2000) . It is reasonable to predict that BER promotes genomic stability by protecting certain regions with a higher content of guanine bases, where more spontaneous DNA damage may occur, or where the underlying DNA is more susceptible to oxidative damage-induced breakage and subsequent destabilization. These data are in line with our previous studies, which demonstrated that in yeast strains deficient in the ability to repair spontaneous base damage (BER − /NER − ), damage tolerance mechanisms, such as homologous recombination (and likely non-homologous end joining), are engaged in handling the persistent damage. This results in a high level of gross chromosomal rearrangements, some of which occur at hotspots within the genome (Degtyareva, et al., 2008) . In addition, chronic H 2 O 2 exposure has also been shown to induce genome rearrangements in S. cerevisiae (Ragu, et al., 2007) .
Such "tolerance-induced" destabilization likely occurs in particular regions because of the accumulation of damage at these loci that is normally repaired by BER and NER. As guanine bases in DNA are highly susceptible to different types of endogenous and exogenous damage, our results suggest that the BER machinery localizes to areas of the genome that are most susceptible to genotoxic insult to prevent large-scale genome destabilization.
The facts that there were fewer peaks in the mild oxidative stress condition and that there was little overlap of peaks between the two replicates for the basal oxidative stress condition (Fig. 1 ) was unexpected and led us to speculate that we may not have identified all of the potential AP endonuclease binding sites under the two conditions used in this study. While Apn1 represents 97% of the major AP endonuclease activity in yeast cells under normal growth conditions, yeast also possess a minor DNA damaging agent-inducible AP endonuclease, Apn2 whose activity becomes important when Apn1 is absent or when DNA damage stress increases substantially (Johnson, et al., 1998; Bennet, 1999) . It is possible that Apn1 localizes to certain regions under normal cellular conditions, but following exogenous insult increased exogenous DNA damage, Apn1 and Apn2 divide and conquer to make sure the prioritized regions and regions of induced damage are repaired to preserve genome stability. To test this idea, future studies will involve comparing the genome-wide binding profiles of Apn1 and Apn2 under basal and mild oxidative stress conditions.
A major remaining question is how oxidative DNA damage normally handled by excision repair is tolerated to produce large-scale chromosomal changes. Our chromosome II analysis (Fig. 3) showed no overlap between Apn1 binding sites and the major region of spontaneous oxidative DNA damage-induced destabilization. The lack of overlap is likely because our experiments were performed under acute stress conditions while chromosome II rearrangements are a result of chronic oxidative stress and are produced following accumulation of spontaneous damage after serial passaging over multiple cell generations. Based on the results presented here and our previously published work (Degtyareva, et al., 2008) , we propose a model whereby AP endonuclease molecules are distributed along yeast chromosomes at certain locations (garage sites) to repair spontaneous damage under basal oxidative stress levels (Fig. 4) . When the amount of damage is increased (0.5 mM H 2 O 2 exposure), Apn1 binding sites are also enriched for G and C nucleotides, but the distribution pattern changes. The propensity with which a certain DNA damage pattern dictates conversion of the lesions into double-strand breaks may be influenced by the precise location of Apn1 binding sites because, in the absence of DNA repair machinery, or when the amount of damage exceeds the capacity to repair it, the unrepaired damage is converted into double-strand breaks (DSBs) (Harrison, et al., 2006; Karanjawala, et al., 2002) , the misrepair of which leads to gross chromosomal rearrangements (Ragu, et al., 2007; Duell, et al., 1995; Limoli and Giedzinski, 2003) .
The interactions of excision repair enzymes with the DNA are expected to be quite long for an enzyme (Schermerhorn and Delaney, 2014) , but transient when compared to other types of DNA binding proteins, such as transcription factors. The major advantage of our study, the unbiased approach in identifying binding sites for a protein for which no binding information exists, is also a drawback because there are no positive or negative control regions to optimize various aspects of our experimental protocol by PCR. An alternative strategy would be to identify an Apn1 variant that binds more strongly (i.e. for a longer period of time) to the DNA to increase the number of Apn1-DNA complexes pulled down in each ChIP experiment. The catalytic amino acid substitution variant Apn1(D192G) was shown to bind DNA more efficiently than wild type (Jilani, et al., 2003) . Recently, we used a variants of Apn1 (Morris, et al., 2012) . We will use this approach in future studies to identify "strong binder" variants of Apn1 to further characterize the genome-wide occupancy.
With the above experimental system, it should be possible to generate a complete map of Apn1 binding under different environmental stress conditions as well as identifying other cis-features in addition to base content, such as chromatin conformation and histone modification, that contribute to oxidative stress-induced genome instability. As large-scale genomic instability is a hallmark of cancer, elucidating factors that influence location of DNA damage-induced rearrangements will be an important step in understanding the role of another cancer hallmark, oxidative stress, in carcinogenesis.
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